[0001] 



10 



15 



PCTAJS2004/017649 

WO 2005/001522 
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This PCT application claims the benefits of the following four 

n s. Provisional Applications: 

1 serial No. 60/475,673 entitled "Method and Apparatus for 
^.cquiring Images of Optical Inhomogeneity in Substances" and filed ^une 

'''1 serial No. 60/514,768 entitled «Coherence-Gated Optical Glucose 

Monitor" and filed October 27, 2003; 

3 serial No. 60/526,935 entitled "Method and Apparatus for 
Acquiring Images of Optical Inhomogeneity in Substances" and filed 

December 4, 2003; and ^ ^ • „ «f oni-ical 

4 serial 60/561,588 entitled >^Acquiring Information of Optical 

inhomoglneity and Other Properties in Substances" and filed Apr.l 12, 

addition this PC. application 

PROPAGATION MODES OF LIGHT" and filed on June 3, 2004. 
[0003] The entire disclosures of the above-referenced U.S 
applications are incorporated herein by reference as part of th.s 
application . 

Backcrrotind 

rOOO« Thl. application rolatas to non-invasive, optical probing o£ 
" Tiols a"3tar,s, inclndin, but not li^te. to, s.ins, .o* ti,s„.= 
and orqans of humans and animals. 
:'„5, investigation o* substances b, non-invasive ^ ' 

L blen the object o. »ny studies as inho^geneity ol 
interactions in substances can reveal their structural, co.posrtxonal, 
ohvsiologicl and biological inforn^tion. Various devices and 
fecri^Is based on optical coherence do.ain reneoto«etr, <OCPR »ay be 
use^ L non-invasive optical probing o£ various eubstances, .ndudrng 
bufnot li«ited to s.ins. bod, tissues and organs o£ hu^ns and a„.:.als, 
to provide tomographic «easure,«nta of these substances. 
10006, m many OCOR syste.., the light fro. a light source as spirt 
into a sampling beam and a referenc. beam which propagate rn two 
separate optical paths, respectively. The light source may be partrally 
clrent source. The s»>pling beam is directed along its o». optrcal 
path to impinge on the substances under study, or sample, whrle 
reference beam is directed in a separate path towards a reference 
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surface. The .ean. reflected fro. the sample and fro. the -ference 
urf ace are then brought to overlap with each other to optically 
interfere. Because of the wavelength-dependent phase delay the 
Irference results in no o.servahle interference 

two optical path lengths of the sampling and reference beams are very 
similar. This provides a physical mechanism for rangxng. A beam 
similar. ^Light from the light source and to 

splitter may be used to split the lig reference beam for 

combine the reflected sampling beam and the reflected refere 
detection at an optical detector. This use of the same device for both 
detection ar ^ ^. . „ . . ^ radiation is essentially based on the 
sDlitting and recombining the radiation is « ^ -^c 

spJ.iT:T:ing « rilacoveries and the theories 

well-known Michelson interferometer. The discoverie 

^2 n ^^v^or-on^- lioht are summarized oy Born 
of the interference of partially coherent light 

and wolf in "Principles of Optics", Pergamon Press (1980). 
and woJ-r i , . v,*- ^ r, f ree-soace Michelson interferometers 

100071 Low-coherence light m free space m 

^r,4- ™irnoses Optical interferometers based 
were utilized for measurement purposes, up . 

^4-- MBT-e used in various instruments that use iow 
on fiber-optic components were used in 

. n aht as means of characterizing substances . Various 
coherence light as means w ^ . Hi ^nlosed bv 

. ^ ^ vho -fiber-oDtic OCDR exist such as devices disclosea oy 
embodiments of the fiber optic ^ =.i 4„ us Patent No. 

^ ^ vi„ 909 745. bv Marcus et al in uta fatenv. 
c^'in «i- al in OS Patent No. 5,20^, /«3f 

Sorin et al m ub 6,252,666, and by Tearney 

659 392, by Mandella et al m OS Patent wo. , , 
1 r s patent »o. 6,..l.xe4. T., appUc.tion of CC.K .n »,a.cal 
la^ce, in certain optical co„,i^ratio„a has com, to ,»o«n ,a 

"optical coherence tomography" (OCT) . ^ ^ . „ „anv f iber- 

rooOSl FIG 1 illustrates a typical optical layout used in many 
[00081 FIG. 6,421,164 and other 

optic OCDR systems described in the O.s. 

pLlications. A fiber splitter is engaged to two '^^^^^^^ 
respectively guide the sampling and reference beams in a Michelson 

uratiL' common to many of these and other ^^^^^^^^^ 

optical radiation from the L a 

separated into two separate beams where the sampling beam 
salple waveguide to interact with the sample while the reference beam 
sample wavey fiber solitter than combines the 

travels in a reference waveguide. The fiber split 
reflected radiation from the san^le and the reference light from 
reference waveguide to cause interference. 

Svunmary 

,00093 The designs, techni^es and exemplary implementations for non- 
nvasive optical probing described in this application use the 

• 4. « and interplay of different optical waves and modes 
superposition and interplay inside one or more 

propagating along substantially the same optical path ^^^^^^ 

ontical waveguides. When one of the optical waves or modes 
common optical w^veguj.»-i^ wit-h another 

interacts with the substance under study its superposition with 
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„„e or can u,ed for the purpose of ac<^irl„, infor^tion about 

the optioal properties of the substance. are at 

10010, The methods and apparatus described in th.. " 
Last in part based on the reception of various technrcal rs sues and 
practical considerations in i„pie„e»tin, OCO. in co».erciaiiv pr.ct^cai 
and user friendly apparatus, and various technical lx»itatro„s rn OCDE 
syst«.s disclosed by the above referenced patents and other 
pLlications . « an e«a^le, at least one of disadvantages associated 

to the OCDR system design, shown in Fig- 1 described rn the 

x,o jT 4.4^^ ^4= 4-Vif> r-eference light beam 

aforementioned patents is the separation of the "^^^^^ ^ 
from the sample light beam. Due to the separation of the optical paths, 
from tne s V ^ f *«.rential delay between the two beams 

the relative optical phase or differential aexay 
xaav experience uncontrolled fluctuations and variations, such as 
Tf ferent physical length, vibration, temperature, waveguide bending and 
on L sample arm is in the fo^ of a fiber-based <^^^^^-J^ 

is separate from the reference arm, for example, the manipulation of the 
fibelTy cause a significant fluctuation and drift of the differential 

hase between the sample and reference light beams. This fluctuation 
Id draft may adversely affect the measurements. For example, the 
firuation and drift in the differential phase between the two beam 
lay lead to technical difficulties in phase sensitive measurements as 
absolute valuation of refractive indices and measurements of 

^rirriious examples described in this application, optical 

4. ^ 4-^ different optical paths. 

, radiation is not physically separated to travel differe P 

^^"^ . ^. morfes are auided along essentially 

instead, all propagation waves and modes are guia 

T ontical path through one or more common optical waveguides, 

the same optical path thr g advantageously used to 

Such designs with the common optical patn may oe ^ ^ . „ 

sucn aesia f ferent radiation waves and modes 

stabilize the relative phase among different raaia 
0 in the presence of environmental fluctuations in the system such as 

rartations in temperatures, physical movements of the system especially 
Of the waveguides, and vibrations and acoustic impacts to the waveguides 
and system. Xn this and other aspects, the present systems are designed 
to do' away with the two-beam-path configurations in various 
,S interferoLter-based systems in which sample light and reference light 
travel in different optical paths in part tosignif icantly reduce the 
above fluctuation and drift in the differential phase delay. Therefore, 
he present systems have a "built-in" stability of the 

optical path by virtue of their optical designs and - beneficial for 
.0 some Phase-sensitive- measurement, such as the -te^nat.on of the 
absolute reflection phase and birefringence. In addition, the 
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techniques and devices described in this application simplify the 
structures and the optical configurations of devices for optical prob.ng 
by using the common optical path to guide light. 

. r^^tions it may be beneficial to acquire the 

r00121 In various applications, it may u« , . 

. ^ -ci-ins of the material in an isolated volume inside 
absorption characteristics ot tne mai-eij. . 

, T ^-h.r case it may be desirable to map the distribution 
the sample. In other case it nwy 

of some substances identifiable through their characteristic spectral 
:.sorbance. In some OCOK systems' such as systems in afor^aentxoned 
patents, it may be difficult to perform direct measurements of 
optical inhomogeneity with regard to these and other spectral 
Characteristics. The systems and techniques described in this 
application may be configured to allow for direct measurements of these 

and other spectral characteristics of a sample. ,ii,,trate 

1. are. described below to illustrate 

[0013] Exemplary implementations are descrioea 

^ .H^;,ntaaes of the systems and techniques. One of 
various features and advantages or tne sy . ^ 

such features is methods and apparatus for acquiring information 
regarding optical inhomogeneity in substance by a non-invasive means 
with the help Of a low-coherence radiation. Mother feature is to 
achieve high signal stability and high signal-to-noise ratio by 
achieve hign g the light radiation into a sample path 

eliminating the need of splitting the iignt = 

n^H-iv-ional features include, for example, a 
and a reference path. Additional reatuie 

Lolute .e£.acti,e indies be .ade. capability of ac,..r.n, optxcal 
inhoceneity with r.,ard to the spactrai a.aor».„=a. -1'"'^' 

. p„bla„ .t Si^i drifting and «din, canaad tha P«^"""J" ■ 
Llation in various i„terf.ro,»tar-basad optical systems, and an 
rrective nse ot the so„=, radiation with si.,ple optical arranga^nts. 
"a^aa of th, system and tachni^es dascrihed hara include «.o„, 
^Z.s anhancad p.r£on„nca and apparatus reliability, si»pl.fr.d 
others, ennanc p „otical layout, reduced apparatus 

0 operation and maintenance, simplified . optical lay 

complexity, reduced manufacturing complexity and cost. 
r« virions axamplary methods and techni^es for optically sensin, 
amples are described. In some implementations, input light in two 

samples a . ^ „ vhe first and second modes) 

different optical propagation modes (e.g., the first a 

>5 is directed through a common input optical path to "^^-^^J"^^ 
head which sends a portion of input light in the second mode to the 
head wnic directs both the light in the first mode and the 

sample. The probe head directs cotn i-n ^* 

returned light from the senile in the second mode through a common 
^r^i--ii-al oath to a detection module. 
„ fo S L example, one method described her. includes the f ollowing 
Iteps. optical radiation in both a first propagation mode and a second, 
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• «r, mode are quided through an optical waveguide 
different propagation mode are guia 

o The radiation in the first propagation mode is 
towards a sample. Tne raaid 

•i-hp. ^amnle without reaching the sample. The 
rtir acted away from the sampie vyiunv . . .4.1, 

TZZon in t.. seccn. p.op„«ion ^ i= ai.ected to 

the ,a»le to produce returned radiation £ro« the interaction. Both the 

TtuT: r.l,L„„ in the second propagation »ode and the " 

The .irat propagation ^de are coupied "t In 

i« vievt the returned radiation in tne secona pj-^^f y 
r r radiar: in th. .ir=t propagation ^ the opticai 

„a,e.ide are used to -r.ct in^r^tion '^ ^^ l^^^^^^^ ^ 

[00161 As. another example, a device for opi:ic ^ 

tuuioj " .J , r^T-r,hP head, and a detection 

is described to include a waveguide, a probe heaa, ana 

IS describe propagation mode and a second, 

module The waveguide supports a first propaga 

module. ine « receive and guide an input 

different propagation mode and is used to receive a g 

5 beam in both the first and the second propagation modes. ^^^^ ^l^^ 

IS coupled to the waveguide to receive the input ^^^ ^^'^^Jl'^^^^^^^^ 

^ • Koan, in the first propagation mode bacK to 

fi-r-ai- nortion of the input beam in -cue f t- ^ 

first portiu" uj. I- J J ^^r'i- a second portion 

.-0 ^r, -Pirst propagation mode and direct a secona po 
the waveguide m the first prop^y ^ ^ , ==>n,r,iP The probe 

of the input beam in the second propagation mode to a sample The pr 
T T llLts reflection of the second portion from the sample and 
>0 head collects reflectio ^ reflected second portion in 

^.vnorts to the waveguide the re£iecT:ion cio 

rrecond propagation .ode. The detection .oduie is ^° J— 

the rejected first portion and the reflected second ^°""»;" 
„ave^ide and to e«ract information of the sa„pl. carried by the 

" rir^rstpircau:; ,1,0 descrihe, de^ices that use one input 

a, ide to difect input ii,ht to the opticai prohe head and another 

• H-o direct output from the optical probe head. For 
rr:" - e"f oH tioaii: ^easurin, a sa^ie include an input 
30 :ar,ui;e, «hich supports . first propagation ^de - ---^^ ^^^^ 

i-n receive and guide an input t>eam in wuu 
different propagation mode, to i,,l,de 
the first and the second propagation modes . The aevi y 
an output waveguide which supports the first and the second prop.,.tro„ 
Lis in this device, a probe head nay be coupled to the .nput 
^llde to receive the Input beam and to the output wavegurde. the 
" ^Thead operable to direct a first portion of - ^ 

i^fr. output waveguide in the first 
first propagation mode into the output w y ^ .„ vk= 

first prop g portion of the input beam m the 

propagation mode and direct a secon p ^^^^^ reflection 

second propagation mode to a sample. The probe 
40 Of the second portion from the sample and exports to 

waveguide the reflection as a reflected second portion in the second 
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^ Tn addition, a detection module may be included in 
propagation mode, m ^^^^J^' reflected 

this device to recexve the -^^^^^^ ^ ^ information of the 

second portion in the output waveguide and to extra 

sample carried by the reflected second portion^ 

tOOlSl in some other implementations, Ixght xn a "^^^ ^ 

^ » « a first predetermined mode, is directea 
propagation mode, e.g., a fxrsr pre optical probe 

, - 4-v,a eamnle under measurement. The optit,ax f 

head directs a fxrst po sample, 
the first mode and a second portion of the -PJ^^^^^^^^^^ ^ 
.he optical probe head then directs returned ^^^^ ^^J^ J,^^ 
second, different mode to co-propagate along wxth the 
the first mode in a common optical path. 

Il93 For example, one method for optically measurxng a sample 
[0019] *- ^ „ R beam of guided light in a fxrst 

includes the following steps . A beam of g 

^ HnT*>cted to a sample. A tirst puj-uu. 
propagation mode xs dxrected t° ^ directed away from the sample at 

. ux.^ ^ir-ci- propagation mode xs directea away 
• light m the fxrst propagar portion reaches the sample, 

a location near the sample before the fxrst ^^^^^ 
A second portion in the first propagation mode xs ^-'^^^^J^ 
Iple I reflection of the second portion from the sample xs 

f ; led to be in a second propagation mode different from the fxrst 
controlled to be xn reflected second portion. Both the 

propagation mode to ^^^^^^^^ ^J^^'^^^^^^^^^^^^ .ode and the reflected 
reflected first portion xn the fxrst prop g directed through 

* r. 1-hs second propagation mode are then axreu 
second portxon xn the secona p f y extract information from 

.J a detection module to extract 

a common waveguxde xnto a detectxo 

second portion on the sample. 
5 the reflected secona .„„ _ sample is also 

roo201 Another method for optically measurxng a sample x 
[00201 Anothe propagation mode xs 

described. In this method, light xn a portion 

. . -4- , «i= a sample under measurement. A rxrsi, 
directed to a vicxnxty of a sample u directed to propagate 

. . 4-v,o first propagation mode xs then dxrectea u ^ 
Of the ixght xn the '^I'l^J 33,pie without reaching the 

30 away from the sample at J^^^"-^' ,,^3, propagation mode is 

sample. ^^^^ ^//J;;;/^^^^^^^^^^ Xhe reflected 

directed to the sample to cause ^^^^^ propagation mode 

.i,.t from the sample xs ^^^^^^^^ ^J^^^^^^^^^ ,,de to co-propagate with 
that is independent from the fxrst prop g 
w ^- portion along a common optical path. The txrsx; p 
35 the fxrst portxon along ^^ted light in the second propagatxon 

first propagation mode and the reflected xxg 

ho obtain information of the sample, 
mode are used to obtaxn exemplary implementations of 

,002X1 This ^^^^ll^lX^y — ing samples where optical probe 
devices and syst^ f or oPt y ^^^^^^^ ^^^^^ 

40 heads receive xnput Ixght in receive and guide an 

one example of such devices includes a waveguide to 
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. K ma first propagation mode, and a probe head coupled to the 
input beam xn a fxrst p p g ^^^^^^^ ^ ^^^^^ ^^^^^^^ 

waveguide to first propagation .ode and 

the input -^^^^^^ ZZ,.. beam to a sample. This probe head 

Tll: ::rct or:: secondUion fro. the sample and exports to 
rreg^de the reflection as a reflected second^ort- .n a - 

different from the first propagation mode. 

T^oL.^o. Of the sa«.le carried by the reflected second port on 

Tooar in another e..»pl.. an apparatus for optically — ^ 
100221 in source, a «a»eguid. supporting at 

sample is disclosed to include a Irght sour , 

ieast a first and a second — ' J 
iight radiation fro„ the light source "'^^ '"J^JJJ,^^ ,,^„,,es 
the vicinity of a sample under examination -J"^ propagation 

• ^^ vh«» vicinity of the sample and reverses f f ^ 

the waveguide in the vicinn;y h„ the waveguide 

direction of a portion of the^irst P--^ ^ti n to tie sUle, 

r ::rl:L:- —rriered Ught from the sample into 
the probe head operable ^^jterential delay modulator that 

.he second propagation ^de »d a d ^^^^^ 

rr prr rd r Leguide and vanes the 

Ith length bet-een the first an-.-^—^rr fTr ' 
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path length between tne xx^^u c.»v. 

^ ^oTnH-iner is included to receive Ixght from tne 
apparatus, a mode combiner is inox 

differential delay modulator and ^^ri " ' 

second ------ - ---- -- - — - 

of new modes. At leasr one y Furthermore, an 

, . U4. ^ „ =1- least one of the two new modes . Furtnermoi , 
receive light in at least one photodetector 
electronic controller is used in communication with the ph 
and is operable to extract information of the sample from the output 

the photodetector. described to include an 

ro0231 In yet another example, a device is 

: til »aJguide, an optical probe head and an optical detection 
mLle. .he optical waveguide is to guide an '■-^^-^jtZoZ^^ 
first optical mode. The optical probe head is coupled to t"' "^'^ 

Z. to receive the optical radiation. The optical probe head is 
~irtr,irr:direct . portion of the optical '^^^^^^^^^^ ^ 

transmitting the remaining radiation to a 
^r^i-lcal waveguide while transmn^uxny u ^ ^^^4.2^^ 

optical wdvcyw Kar'V«;cattered radiation 

sample, (2) receive and direct the ^^^/f f ^^/^^^^^^^^ or the 

from the sa^^le into the waveguide J^'l^^^^^^^^^^^^ 
backscattered light from the sample to be in a second op 
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alHere»t frc th, first optical «ode. The optical detection MOdole is 
Id to receive the tadi.tion redirected hy the probe head through the 

radiation in the first and second 
waveguide and to convert optical raai.ata.on 

^ 1 ^^4- An r>art into a common optical moae. 
r^ntical modes, at least m parr, i"^^; a ir 

optical moo , , , . H.vfr.. for oDtically measuring a sample 

t00241 » further eKample for a device for optica y 

Includes an input waveguide, an output waveguide and a probe head 
input waveguide supports a first and a se.cond different P"P='»;-» 
modes and is used to receive and guide an input beam in the 
;:!p,gatio„ mode. The output waveguide supports a first and a second 
different propagation modes. The probe head 1, coupled to the input 
waveguide to receive the input beam and to the output 

OKPort light. The probe head is operable to direct a f.rst portion of 
trmput beam in the first propagation mode into the 

Z dlLt a second portion of the input beam to a sample. In addition 
Tht Trobe head collects reflection of the second portion from the sample 
a^d exports to the output waveguide the reflection as a reflected second 
portion m the second propagation mode. Furthermore, this device 
portion I „ t- receive the reflected first portion and 

includes a detection module to receive tn „tract 
the reflected second portion in the output waveguide and to extract 
information of the sample carried by the reflected second P~ 
,00251 This application also describes an example of an apparatus 
Iptically measuring a sample. In this example, a first "-^^^ 
capable of maintaining at least one propagation mode is used. » light 
sice that emits radiation is used to excite the - 
the first waveguide. . light director is used to "'-f' 
waveguide with its first port, to pass the light mode entering the first 
Tort at least in part, through a second port, and to pass the^^^" 
Ldes entering the second port, at least in part, through a 
The apparatus also includes a second waveguide that 
„ two iSependent propagation mode, and having a first end """^^f^J^^ 
second port and a second end. Hotably, a probe head is coupled to the 
second end of the second waveguide and operable to reverse the 
seoona eno u „„i. h-ck to the second waveguide 

propagation direction of th. light in part back to t 

Id to transmit the remainder to the s«^le. This probe " 

,5 operable to transform the collected light from '"'T'^^^ l 

^ the second waveguide and direct light in 

an orthogonal mode supported by the secona w« y 

an ortn g ^ ^he second waveguide. A third waveguide is 

the orthogonal mode into tne second wo ^ . ^ 

also mclLd Which supports at least two Independent propagation modes 
L is connected to the third port of the light director to receive 
.0 ntt therefrom. . differential delay modulator is used to connect to 

. receive light from the second waveguxde and 

the third waveguide to receive j-xy 
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imposes a variable phase delay and a variable path length on one mode in 
reference to the other, A fourth waveguide supporting at least two 
independent modes is coupled to the differential delay modulator to 
receive light therefrom. A detection subsystem is positioned to receive 
light from the fourth waveguide and to superpose the two propagation 
modes from the fourth waveguide to form two new modes, mutually 
orthogonal. This detection subsystem includes two photo-detectors 
respectively receiving light in the new modes. 

[0026] Furthermore, this application describes optical sensing devices 
and systems that direct input light in a single propagation mode to the 
optical probe head and use the optical probe head to direct both light 
that does not reach the sample and light that is returned from the 
sample in the same mode and along a common propagation path which may be 
formed of one or more connected waveguides towards the detection module. 
For example, a device based on this aspect may include a waveguide which 
supports at least an input propagation mode of light, a probe head 
coupled to the waveguide, and a detection module. The waveguide is used 
to receive and guide an input beam in the input propagation mode. The 
probe head is used to receive the input beam and to. reflect a first 
portion of the input beam back to the waveguide in the input propagation 
mode and direct a second portion of the input beam in the input 
propagation mode to a sample. The probe head collects reflection of the 
second portion from the sample and exports to the waveguide the 
reflection as a reflected second portion in the input propagation mode. 
The detection module is used to receive the reflected first portion and 
the reflected second portion in the input propagation mode from the 
waveguide and to extract information of the sample carried by the 
reflected second portion. 

[0027] These and other features, system configurations, associated 
advantages, and implementation variations are described in detail in the 
attached drawings, the textual description, and the claims. 
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Brxef Descrip-bion of the Drawings 
[0028] FIG. 1 shows an example of a conventional optical sensing 
device based on the well-known Michelson interferometer with reference 
and sample beams in two separate optical paths. 

[0029] FIG. 2 shows one example of a sensing device according to one 
implementation . 

[0030] FIG. 3 shows an exemplary implementation of the system depicted 
in FIG. 2. 

[0031] FIG. 4 shows one exemplary implementation of the probe head and 
one exemplary implementation of the polarization-selective reflector 
(PSR) used in FIG. 3. 

[0032] FIGS. 5A and 5B illustrate another exemplary optical sensing 
system that use three waveguides and a light director to direct light in 
two modes to and from the probe head in measuring a sample. 

[0033] FIG. 6 illustrates the waveform of the intensity received at 

m 

the detector in the system in FIGS. 5A and 5B as a function of the phase 
where the detected light intensity exhibits an oscillating waveform that 
possesses a base frequency and its harmonics. 

[0034] FIG. 7 shows one exemplary operation of the described system in 
FIG. 5B or the system in FIG. 3 for acquiring images of optical 
inhomogeneity . 

[0035] FIGS. 8A and SB illustrate one exemplary design of the optical 
layout of the optical Sensing system and its system implementation with 
an electronic controller where light in a single mode is used as the 
input light. 

[0036] FIG. 9 shows another example of a system implementation where 
the optical probe head receives light in a single input mode and 
converts part of light into a different mode. 

[0037] FIGS. IDA and lOB show two examples of the possible designs 
for the probe head used in sensing systems where the input light is in a 
single mode. 

[0038] FIG. 11 shows one implementation of a light director that 
includes a polarization-maintaining optical circulator and two 
polarization beam splitters. 

[0039] FIG. 12 illustrates an example of the optical differential 
delay modulator used in present optical sensing systems where an 
external control signal is applied to control a differential delay 
element to change and modulate the relative delay in the output. 
[0040] FIGS. 12A and 12B illustrate two exemplary devices for 
implementing the optical differential delay modulator in FIG. 12. 
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[0041] FIGS. 13A and 13B illustrate two examples of a mechanical 
variable delay element suitable for implementing the optical 
differential delay modulator shown in FIG. 12B. 

[0042] FIG. 14A shows an exemplary implementation of the delay device 
in FIG. 12B as part of or the entire differential delay modulator. 
[0043] FIG. 14B shows a delay device based on the design in FIG. 14A 
where the mirror and the variable optical delay line are implemented by 
the mechanical delay device in FIG. 13A. 

[0044] FIG. 15 illustrates an optical sensing system as an alternative 
to the device shown in FIG. 5B. 

[0045] FIG. 16 shows a system based on the design in FIG. 2 where a 
tunable filter is inserted in the input waveguide to filter the input 
light in two different modes. 

[0046] FIG. 17 shows another exemplary system based on the design in 
FIG. 8A where a tunable filter is inserted in the input waveguide to 
filter the input light in a single mode. 

[0047] FIG. 18 illustrates the operation of the tunable bandpass 
filter in the devices in FIGS. 16 and 17. 

[0048] FIG. 19A illustrates an example of a hxaman skin tissue where 
the optical sensing technique described here can be used to measure the 
glucose concentration in the dermis layer between the epidermis and the 
subcutaneous layers . 

[0049] FIG. 19B shows some predominant glucose absorption peaks in 
blood in a wavelength range between 1 and 2 . 5 microns . 
[0050] FIG. 20 illustrates one exemplary implementation of the 
detection subsystem in FIG. 3 where two diffraction gratings are used to 
separate different spectral components in the output light beams from 
the polarizing beam splitter. 

[0051] FIGS. 21 and 22 shows examples of optical sensing devices that 
direct light in a single mode to the optical probe head and direct 
output light from the probe head in the same single mode. 
[0052] FIG. 23 shows an example of a design for the optical probe head 
for the devices in FIGS. 21 and 22 where the optical probe head does not 
change the mode of light. 

Detailed Description 
[0053] Energy in light traveling in an optical path such as an optical 
waveguide may be in different propagation modes. Different propagation 
modes may be in various forms - States of optical polarization of light 
are examples of such propagation modes . Two independent propagation 
modes do not mix with one another in the absence of a coupling 
mechanism. As an example, two orthogonally polarization modes do not 
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interact with each other even though the two modes propagate along the 
same optical path or waveguide and are spatially overlap with each 
other. The exemplary techniques and devices described in this 
application use two independent propagation modes in light in the same 
optical path or waveguide to measure optical properties of a sample. A 
probe head may be used to direct the light to the sample, either in two 
propagation modes or in a single propagation modes, and receive the 
reflected or back-scattered light from the sample. 

[0054] For example, one beam of guided light in a first propagation 
mode may be directed to a sample. A first portion of the first 
propagation mode may be arranged to be reflected before reaching the 
sample while the a second portion in the first propagation mode is 
allowed to reach the sample. The reflection of the second portion from 
the sample is controlled in a second propagation mode different from the 
first, propagation mode to produce a reflected second portion. Both the 
reflected first portion in the first propagation mode and the reflected 
second portion in the second propagation mode are directed through a 
common waveguide into a detection module to extract information from the 
reflected second portion on the sample. 

[0055] In another example, optical radiation in both a first 
propagation mode and a second, different propagation mode may be guided 
through an optical waveguide towards a sample. The radiation in the 
first propagation mode is directed away from the sample without reaching 
the sample. The radiation in the second propagation mode is directed to 
interact with the sample to produce returned radiation from the 
interaction. Both the returned radiation in the second propagation mode 
and the radiation in the first propagation mode are coupled into the 
optical waveguide away from the sample. The returned radiation in the 
second propagation mode and the radiation in the first propagation mode 
from the optical waveguide are then used to extract information' of the 
sample . 

[0056] In these and other implementations based on the disclosure of 
this application, two independent modes are confined to travel in the 
same waveguides or the same optical path in free space except for the 
extra distance traveled by the probing light between the probe head and 
the sample. This feature stabilizes the relative phase, or differential 
optical path, between the two modes of light, even in the presence of 
mechanical movement of the waveguides. This is in contrast to 
interferometer sensing devices in which sample light and reference light 
travel in different optical paths. These interferometer sensing devices 
with separate optical paths are prone to noise caused by the variation 
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in the differential optical path, generally complex in optical 
configurations, and difficult to operate and implement. The examples 
described below based on waveguides are in part designed to overcome 
these and other limitations. 

* 

[0057] Fig. 2 shows one example of a sensing device according to one 
implementation. This device directs light in two propagation modes 
along the same waveguide to an optical probe head near a sample 205 for 
acquiring information of optical inhomogeneity in the saiqple. A sample holder 
may be used to support the sample 205 in some applications. Light 
radiation from a broadband light source 201 is coupled into the first 
dual-mode waveguide 271 to excite two orthogonal propagation modes, 001 
and 002. A light director 210 is used to direct the two modes to the 
second dual-mode waveguide 272 that is terminated by a probe head 220. 
The probe head 220 may be configured to perform at least the following 
functions. The first function of the probe head 220 is to reverse the 
propagation direction of a portion of light in the waveguide 272 in the 
mode 001; the second function of the probe head 220 is to reshape and 
deliver the remaining portion of the light in mode 002 to the sample 
205; and the third function of the probe head 220 is to collect the 
light reflected from the sample 205 back to the second dual-mode 
waveguide 272. The back traveling light in both modes 001 and 002 is 
then directed by light director 210 to the third waveguide 273 and 
further propagates towards differential delay modulator 250. The 
differential delay modulator 250 is capable of varying the relative 
optical path length and optical-phase between the two modes 001 and 002. 
A detection subsystem 260 is used to superpose the two propagation modes 
001 and 002 to form two new modes, mutually orthogonal, to be received 
by photo-detectors. Each new mode is a mixture of the modes 001 and 
002. 

[0058] The superposition of the two modes 001 and 002 in the detection 
subsystem 260 allows for a range detection. The light entering the 
detection subsystem 260 in the mode 002 is reflected by the sample, 
bearing information about the optical inhomogeneity of the sample 205, 
while the other mode, 001, bypassing the sample 205 inside probe head 
220. So long as these two modes 001 and 002 remain independent through 
the waveguides their superposition in the detection subsystem 260 may be 
used to obtain information about the sample 205 without the separate 
optical paths used in some conventional Michelson interferometer 
systems . 

[0059] For the simplicity of the analysis, consider a thin slice of 
the source spectrum by assuming that the amplitude of the mode 001 is 
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Eooi in a first linear polarization and that^ of the mode 002 is E002 in a 
second, orthogonal linear polarization in the first waveguide 271. The 
sample 205 can be characterized by an effective reflection coefficient r 
that is complex in nature; the differential delay modulator 350 can be 
characterized by a pure phase shift T exerted on the mode 001. Let us 
now superpose the two modes 001 and 002 by projecting them onto a pair 
of new modes, Ea and Eb, by a relative 45-degree rotation in the vector 
space. The new modes, and Esr niay be expressed as following: 



r 



(1) 



It is assumed that all components in the system, except for the sample 
205, are lossless. The resultant intensities of the two superposed modes 



are 



Ib=^ [Kx +Ela-\r\ ^001^002 COs(r - q>)] , 



(2) 



where <p is the phase delay associated with the reflection from the 
sample. A convenient way to characterize the reflection coefficient r is 
to measure the difference of the above two intensities, i.e. 



(3) 



If r is modulated by the differential delay modulator 250, the measured 
signal, Eq. (3), is modulated accordingly. For either a periodic or a 
time-linear variation of F, the measured responds with a periodic 
oscillation and its peak-to-peak value is proportional to the absolute 
value of r. 

[0060] For a broadband light source 201 in Fig. 2, consider the two 
phases, T and q? to be dependent on wavelength. If the two modes 001 and 
002 experience significantly different path lengths when they reach the 
detection system 260, the overall phase angle, T - ^, should be 
significantly wavelength dependant as well. Consequently the measured 
signal, being an integration of Eq. (3) over the source spectrum, yields 
a smooth function even though T is being varied. The condition for a 
significant oscillation to occur in the measured signal is when the two 

modes 001 and 002 experience similar path lengths at the location of 
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their superposition. In this case the overall phase angle, F - ^, 
becomes wavelength independent or nearly wavelength independent. In 
other words, for a given relative path length set by the modulator 250, 
an oscillation in the measured signal indicates a reflection, in the 
other mode, from a distance that equalizes the optical path lengths 
traveled by the two modes 001 and 002. Therefore the system depicted in 
Fig, 2 can be utilized for ranging reflection sources. 
[0061] Due to the stability of the relative phase between the two 
modes, 001 and 002, phase-sensitive measurements can be performed with 
the system in Fig. 2 with relative ease. The following describes an 
exemplary method based on the system in Fig. 2 for the determination of 
the absolute phase associated with the radiation reflected from the 
sample 205. 

[0062] In this method, a sinusoidal modulation is applied to the 
differential phase by the differential delay modulator 250, with a 
modulation magnitude of M and a modulation frequency of C^. The 
difference in intensity of the two new modes is the measured and can be 
expressed as follows: 



It is clear from Eq. (4) that the measured exhibits an oscillation at a 
base frequency of /2 and oscillations at harmonic frequencies of the base 
frequency JO. The amplitudes of the base frequency and each of the 
harmonics are related to ^ and |r|. The relationships between r and the 
hainnonics can be derived. For instance, the amplitude of the base- 
frequency oscillation and the second harmonic can be found from Eq, (4) 
to be: 



where Ji and are Bessel functions of the first and second order, 
respectively. Eq. (5a) and (5b) can be used to solve for |r| and ^, i.e. 
the complete characterization of r. We can therefore completely 
characterize the complex reflection coefficient r by analyzing the 
harmonic content of various orders in the measured signal. In 
particular, the presence of the base-frequency component in the measured 

is due to the presence of cp. 



" = I r I ^001^002 cos[M sin(QO - (p] . 



(4) 



^E^,E^^J,{M) \r\sm<p; 



(5a) 



(5b) 
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[0063] Fig. 3 shows an exemplary implementation of the system depicted 
in Fig. 2. The spectrum of source 201 may be chosen to satisfy the 
desired ranging resolution. The broader the spectrum is the better the 
ranging resolution. Various light sources may be used as the source 201. 
For example, some semiconductor superlumine scent light emitting diodes 
(SLED) and amplified spontaneous emission (ASE) sources may possess the 
appropriate spectral properties for the purpose. In this particular 
example, a polarization controller 302 may be used to control the state 
of polarization in order to proportion the magnitudes of the two modes, 
001 and 002, in the input waveguide 371. The waveguide 371 and other 
waveguides 372 and 373 may be dual-mode waveguides and are capable of 
supporting two independent polarization modes which are mutually 
orthogonal. One kind of practical and commercially available waveguide 
is the polarization maintaining (PM) optical fiber. A polarization 
maintaining fiber can carry two independent polarization modes, namely, 
the s-wave polarized along its slow axis and the p-wave polarized along 
its fast axis. In good quality polarization maintaining fibers these 
two modes can have virtually no energy exchange, or coupling, for 
substantial distances. Polarization preserving circulator 310 directs 
the flow of optical waves according to the following scheme: the two 
incoming polarization modes from fiber 371 are directed into the fiber 
372; the two incoming polarization modes from fiber 372 are directed to 
the fiber 373. A polarization-preserving circulator 310 may be used to 
maintain the separation of the two independent polarization modes. For 
instance, the s-wave in the fiber 371 should be directed to the fiber 
372 as s-wave or p-wave only. Certain commercially available 
polarization-preserving circulators are adequate for the purpose. 
[0064] The system in Fig. 3 implements an optical probe head 320 
coupled to the waveguide 372 for optically probing the sample 205. The 
probe head 320 delivers a portion of light received from the waveguide 
372, the light in one mode (e.g., 002) of the two modes 001 and 002, to 
the sample 205 and collects reflected and back-scattered light in the 
same mode 002 from the sample 205. The returned light in the mode 002 
collected from the sample 205 carries information of the sample 205 and 
is processed to extract the information of the sample 205. The light in 
the other mode 001 in the waveguide 372 propagating towards the probe 
head 320 is reflected back by the probe head 320. Both the returned 
light in the mode 002 and the reflected light in the mode 001 are 
directed back by the probe head 320 into the waveguide 372 and to the 
differential delay modulator 250 and the detection system 260 through 
the circulator 310 and the waveguide 373. 
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[0065] In the illustrated implementation, the probe head 320 includes 
a lens system 321 and a polarization-selective reflector (PSR) 322. The 
lens system 321 is to concentrate the light energy into a small area, 
facilitating spatially resolved studies of the sample in a lateral 
direction. The polarization-selective reflector 322 reflects the mode 
001 back and transmits the mode 002. Hence, the light in the mode 002 
transmits through the probe head 320 to impinge on the sample 205. Back 
reflected or scattered the light from the sample 205 is collected by the 
lens system 321 to propagate towards the circulator 310 along with the 
light in the mode 001 reflected by PSR 322 in the waveguide 372. 
[0066] Fig. 4 shows details of the probe head 320 and an example of 
the polarization-selective reflector (PSR) 322 according to one 
implementation. The PSR 322 includes a polarizing beam splitter (PBS) 
423 and a reflector or mirror 424 in a configuration as illustrated 
where the PBS 423 transmits the selected mode (e.g., mode 002) to the 
sample 205 and reflects and diverts the other mode (e.g., mode 001) away 
from the sample 205 and to the reflector 424. By retro reflection of 
the reflector 424, the reflected mode 001 is directed back to the PBS 
423 and the lens system 321. The reflector 424 may be a reflective 
coating on one side of beam splitter 423. The reflector 424 should be 
aligned to allow the reflected radiation to re-enter the polarization- 
maintaining fiber 372. The transmitted light in the mode 002 impinges 
the sample 205 and the light reflected and back scattered by the sample 
205 in the mode 002 transBU.ts through the PBS 423 to the lens system 
321. The lens system 32i couples the light in both the modes 001 and 
002 into the fiber 372. 

[0067] In the implementation illustrated in Fig. 3, the detection 
system 260 includes a polarizing beam splitter 361, and two 
photodetectors 362 and 363. The polarizing beam splitter 361 is used to 
receive the two independent polarization modes 001 and 002 from the 

■ 

modulator 250 and superposes the two independent polarization modes 001 
and 002. The beam splitter 361 may be oriented in such a way that, each 
independent polarization is split into two parts and, for each 

« 

independent polarization mode, the two split portions possess the same 
amplitude. This way, a portion of the mode 001 and a portion of the 
mode 002 are combined and mixed in each of the two output ports of the 
beam splitter 361 to form a superposed new mode and each photodetector 
receives a superposed mode characterized by Eq. (1) . The polarizing 
beam splitter 361 may be oriented so that the incident plane of its 
reflection surface makes a 45-degree angle with one of the two 
independent polarization mode, 001 or 002. 
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[0068] The system in Fig. 3 further implements an electronic 
controller or control electronics 370 to receive and process the 
detector outputs from the photodetectors 362 and 363 and to control 
operations of the systems. The electronic controller 370, for example, 
may be used to control the probe head 320 and the differential delay 
modulator 25,0. Differential delay modulator 250, under the control of 
the electronics and programs, generates a form of differential phase 
modulation as the differential path length scans through a range that 
matches a range of depth inside the sample 205. The electronic 
controller 370 may also be programmed to record and extract the 
amplitude of the oscillation in the measured signal characterized by Eq. 
(3) at various differential path lengths generated by the modulator 250. 
Accordingly, a profile of reflection as a function of the depth can be 
obtained as a one-dimensional representation of the sample inhomogeneity 
at a selected location on the sample 205. 

[0069] For acquiring two-dimensional images of optical inhomogeneity 
in the sample 205, the probe head 320 may be controlled via a position 
scanner such as a translation stage or a piezo-electric positioner so 
that the probing light scans in a lateral direction, perpendicular to 
the light propagation direction. For every increment of the lateral scan 
a profile of reflection as a function of depth can be recorded with the 
method described above. The collected information can then be displayed 
on a display and interface module 372 to form a cross-sectional image 
that reveals the inhomogeneity of the sample 205. 

[0070] In general, a lateral scanning mechanism may be implemented in 
each device described in this application to change the relative lateral 
position of the optical probe head and the sample to obtain a 2- 
dimensional map of the sample. A xy-scanner, for example, may be 
engaged either to the optical head or to a sample holder that holds the 
sample to effectuate this scanning in response to a position control 
signal generated from the electronic controller 370. 

[0071] FIGS. 5A apd 5B illustrate another exemplary system that use 
waveguides 271, 272, and 273 and a light director 210 to direct light in 
two modes to and from the probe head 320 in measuring the sample 205. 'A 
first optical polarizer 510 is oriented with respect to the polarization 
axes of the PM waveguide 271 to couple radiation from the broadband 
light source 201 into the waveguide 271 in two orthogonal linear 
polarization modes as the independent propagation modes. An optical 
phase modulator 520 is coupled in the waveguide 271 to modulate the 
optical phase of light in one guided mode relative to the other. A 
variable differential group delay (VDGD) device 530 is inserted in or 
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connected to the waveguide 273 to introduce a controllable amount of 
optical path difference between the two waves. A second optical 
polarizer 540 and an optical detector 550 are used here to form a 
detection system. The second polarizer 540 is oriented to project both 
of the guided waves onto the same polarization direction so that the 
changes in optical path difference and the optical phase difference 
between the two propagation modes cause intensity variations, detectable 
by the detector 550. 

[0072] The light from the source 201 is typically partially polarized. 
The polarizer 510 may be aligned so that maximum amount of light from 
the source 201 is transmitted and that the transmitted light is coupled 
to both of the guided modes in the waveguide 271 with the substantially 
equal amplitudes. The electric fields for the two orthogonal 
polarization modes S and P in the waveguide 271 can be expressed as: 



where the electric field transmitting the polarizer is denoted as E. It should be 
appreciated that the light has a finite spectral width (broadband or partially 
coherent) . The fields can be described by the following Fourier integral: 



For the siirplicity of the analysis, a thin slice of the spectrum, i.e. a lightwave 
of a specific wavelength, is considered below. Without loosing graerality, it is 
ass\amed that all the cortponents, including polarizers, waveguides. Router, PSR and 
VDGD, are lossless. Let us designate the reflection coefficient of the sairple r, 
that is conplex in natxare. The p~wave picks up an optical phase, F, relative to the 
s-wave as they reach the second polarizer 540: 




(6) 




(7) 




(8) 



The light that passes throuc^i Polarizer 540 can be expressed by 
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The intensity of the light that impinges on the photodetector 550 is given by: 



= E^E^ = - \e[ [l + |rf + 2\r\ cos(r -¥3)]. (10) 



where phase angle S reflects the complex nature of the reflection coefficient of the 
sanple 205 and is defined by 



r = 



rW^ . (11) 



Assuming the modulator 520 exerts a sinusoidal phase modulation, with magnitude M 
and frequency Q, in the p-wave with respect to the s-wave, the light intensity 
received by the detector 550 can be esqjressed as follows: 



1 + 

/= 



i2 

n 



Ef + — E\ cos[Af sin(QO + g> + S] . ( 12 ) 



where phase angle ip is the accumulated phase slip between the two modes, not 
including the periodic modulation due to the modulator 520, The VDGD 530 or a 
static phase shift in the modulator 520, may be used to adjust the phase difference 
between the two modes to eliminate 
The waveform of I is graphically shown in Fig. 4. 

[0073] FIG. 6 illustrates the waveform of the intensity I received at 
the detector 550 as a function of the phase. The detected light 
intensity exhibits an oscillating waveform that possesses a base 
frequency of 12 and its harmonics. The amplitudes of the base frequency 
and each of the harmonics are related to S and |r|. The mathematical 
expressions for the relationships between r and the harmonics can be 
derived. For instance, the amplitude of the base-frequency oscillation 
and the second harmonic are found to be: 
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=0.5\Efj,iM)\r\smS ; (13a) 



A^^ = 0.5\Ef J^iM)\r\cosS , (I3b) 

where Ji and J2 are Bessel functions of the first and second order, 
respectively. Eq. (13a) and (13b) can be used to solve for |r| and 5, 
i.e. the complete characterization of r. 

[0074] The effect of having a broadband light source 201 in the system 
in FIGS. 5A and 5B is analyzed below. When there is a significant 
differential group delay between the two propagation modes there must be 
an associated large phase slippage q) that is wavelength dependent. A 
substantial wavelength spread in the light source means that the phase 
slippage also possesses a substantial spread. Such a phase spread cannot 
be eliiainated by a phase control device that does not also eliminate the 
differential group delay. In this case the detected light intensity is 
given by the following integral: 



/ = j| lH!L|£;(;t)l' + ti|£;(>l)f cos[M sin(Q/) + (p^X) + d] 



^d^. (14) 



It is easy to see that if the range of q>W is comparable to n for the 
bandwidth of the light source no oscillation in / can be observed as 
oscillations for different wavelengths cancel out because of their phase 
difference. This phenomenon is in close analogy to the interference of 
white light wherein color fringes are visible only when the path 
difference is small (the film is thin) . The above analysis demonstrates 
that the use of a broadband light source enables range detection using 
the proposed apparatus. In order to do so, let the s-wave to have a 
longer optical path in the system compared to the p-wave (not including 
its round- trip between Probing Head and Sample) . For any given path 
length difference in the system there is a matching distance between 
Probing Head and Sample, z, that cancels out the path length difference. 
If an oscillation in / is observed the p-wave must be reflected from this 
specific distance z. By varying the path length difference in the system 
and record the oscillation waveforms we can therefore acquire the 

reflection coefficient r as a function of the longitudinal distance z, 
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or depth. By moving Probing Hoad laterally, we can also record the 
variation of r in the lateral directions. 

7oo75, ™. 7 further Shows on. ex-plary of^atdcn of the descrdl»d system ^ 
L. » or the syste. i» ™. 3 for a<^^ of c^cel 

step 710, the relative phase deUy between the two nodes is changed, e.g., increased 

^. xhie ..y be accc^ i„ no. 5B ^ »si« the ^'erential de^V 
S» the bias in the differential *lay idolater 250 in nG. 3. «: st^720 a 
^tlon driving signal is s»t to the »*lator 520 ^ ™. 5B or the »=dn^t» 

3 to »o*^te the relative ^ delay between the t« ~des aro»d the 
fi^ value. ^ step 730, the inte^ity »vefo- re=eived ^ ^ "/^^ " 

,B or the intensity .^vefo-s receivei in ^ deleters 
^„red and stored in the electronic controUer 370. opon ca.pl.t«« of the ^ep 
730 the electronic controller 370 controls the differential delay device 530 ^ 
nJ. 5B or the bias in the differential delay idolater 250 in ™. 3 «> ^ 

relative phase *lay between t» ».ias to a different ^^^^^-^ 
the sa»le 205 at a differs* *l>th. This process iterates a. indicated by the 

-0 ^ desired «as«=»ts of t^ sa^le at diff.r»t *P^t 

the probe head 320 to lateraUy „«»e to a new location on the sa^e 205 ^drepeat 
the atove ..easorements .gal= until all desired locations on the sa.^le 205 are 
c<^eted. This operation is represented by the processing loqp 750. 
electronic controller 370 processes each «asure»nt to o-j^e the value, of ^ and 
U, fro. the base oscillation and the harmcnic, at step 7eO. such data 
processing »ay be performed after each measurement or after all 

-..^^ M steo 770, the computed data is sent to 
measurements are completed, ftt step 

fhe display module 372. 

t0076, I the above iraple^entations , light for sensing the sample 205 
3 not separated into two parts that travel along two different optical 
paths. TWO independent propagation modes of the light ^^^^ 
essentially in the same waveguide at every location along the optxcai 
path except for the extra distance traveled by one .ode ^^^^^ 
probe head 320 and the sample 205. After redirected by the probe head 
320, the two modes are continuously guided in the same waveguxde at 

4.j^=i r^a^-h to the detection module, 
every location along the optical path to rne ae ^ ^ 

100771 Alternatively, the light from the light source to the probe 
head may be controlled in a single propagation mode (e.g., a first 
propagation mode) rather than two different modes. The probe head may 
he designed to cause a first portion of the first mode to reverse its 
40 propagation direction while directing the remaining portion, or a second 
portion, to reach the sample. The reflection or back scattered light of 
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. ^.or. from the sample is collected by the probe head and is 

"u" r: rs 1 pio^/auon ^ ^^<- - 

. =r.H i-he reflected second portion in tne 

4„ 4-v,o first orooagation mode and tne rerxe^-ue 

xn the first propag ^^^^ed by the probe head through a conmton 

second propagation mode are directed Dy F ,™.„arison with 

ir^to the detection module for processing. In comparison w 
waveguide into the det ^^^^^ throughout the system, 

the implementations ^^^^ J/^/^ 3,^i,ity of the relative 

this alternative design ^-^^^ ^^^^^^ ^^.^.^ p.^.ides 

phase delay between the two modes at the aex. 

o. ..e o...ca. s..^ a,a "'J-^ — 

„ electronio conttolle.. to Input waveguide 871 " P"" 
U,ht m . first propagation mode, e.g., the »ode 001, l^on the 
light in a F director 810. The waveguide 871 

broadband light source 201 to a iignt o 

be a «.de maintaining waveguide deelgned to support at least one 
Troprgation mode such as the mode 001 or 002. When light is coupled 
Into the waveguide 871 in a particular mode such as -"'^^J^' 
waveguide 871 essentially maintains the light in the "^^ 
, polaTization maintaining fiber supporting two orthogonal lines 

Uization modes, for example ma, be --'-rr guides 

"r": "XTsenrrre t- 'light. . li,ht director SIO is used 
r^l hrwa:: tides ... - 273, to conve, - -e C01^fr.» 

ft7l to one of the two modes (e.g., modes 001 and 
R the input waveguide 871 to one ot 1 ^ „v.^- -in 

D t.ne a-A^i^." ^ 4 ^« 0-79 and to direct light in 

4.^^ ^he dual-mode waveguide 272, ana to 
002) supported by tne auax iuuul^ ^ 

^ 972 to the dual-mode waveguide 273. in rne 

two modes from the waveguide 272 to rne aua 

•cwo mo^.*^ director 810 couples the lignt: 

example illustrated in FIG. 8A, the light director P 
in the mode 001 from the waveguide 871 into the same mode 001 in the 
-1 272 Alternatively, the light director 810 may couple the 
30 waveguide 272. Alternativ y, different mode 002 

light in the mode 001 from the waveguide 871 into th 
in the waveguide 272. The dual-mode waveguide 271 is termin 
other end by a probe head 820 which couples a portion of light to 

sample 205 for sensing^ differently from the prove head 

35 The probe ^ mode 001 

320 in that the probe head 830 convert y or 
into the other different mode ooa when the light is « 

T one: ai+-ernatively# if the ligni: in T:ue 
scattered back from the sample 205. /^^^^"^^^ I' ^^^^ ,,2, 

waveguide 272 that is coupled from the waveguide 871 is in th 

K h..d 820 converts that part of light in the mode 002 into the 
40 the probe head 820 convert :,eflected or scattered back 

other different mode 001 when the light is reflecrea 
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^ 9ns In the illustrated example, the probe head 820 
from the sample 205. m tne ixxuou 4_.^„ - 

rerfoms these functions: a) to reverse the propagation dxrectxon of a 
slaHTortion of the inco^ng radiation in .ode 001; .) to reshape the 

nrno radiation and transmit it to the sample 205; and c) to convert 
remaxnxng radxatxon an independent mode 002 

the radiation reflected from the sample ^ud ^ v, x apq onlv 

Uporte. .y the dual-«oae „a,.,«ia, .... Sinoe t« pro^ head ,.0 only 
colrts part of the light into the other «ode supported by the 
„„e^ide 272, the probe head 820 is a partial «,de converter rn ttas 

.J., .e to the OP--- - ::r srriorrir 

' ^Tnr"/:: h :r 0^2 .or U^ht that originates .ro„ 

rpi: e l oZ or scattering, .ro. this point on, - — 

.Tolerations o. the rest of the syste„ shown in n.. -y ^ s-^" 
to- the systems in FIGS. 2, 3, 5A, and 5B. ^ . •„ yrr 

S 10080 nG. SB Shows an exe^lary implementation of the design r„ PI.. 

, 4„ ^««i-T-oller 3370 is used to control the 

aa where an electronic controJ-xer j.o ... 

8A where an e ^ display 

differential delay modulator 250 and the pro 
..d interface module 3.2 is provided Kadiatl n 

source 201, which may .e ^-^^'^^^J^^^^^^^^^ only a single 

20 controlled by an input polarxzatxon controller 

polarization mode is excited in polarization-maintaxnxng fxber 371 
polarxzatxon m polarization preserving circulator may 

the waveguxde 871 xn ^IG P ^^^^.^^ ^.^^^ ^^^^ 

be used to implement the Ixght 
waveguxde 371 to the waveguxde 372 and rrom 

25 waveguide 373. ^«.»4,tn*.d to include a lens 

rooail The probe head 820 in FIG. SB may be desxgned to ^^^^"^ 
[0081] ine ptu „aftial reflector 822, and 

system 821 similar to the lens system 321, a partxal retx 
system « , ^ ^ ro-, The partial reflector 822 is used to 

a polarization rotator 823 ^^J^^ ^^^^ 372 bac. 

reflect the first portxon of ^^^^^^^^^^ propagation mode and transmits 
30 to the waveguide 372 without changxng xts propagatxon 

light to and from the sample 205. The polarizatxon "tator 823 xs used 
• to control the light from the sample 205 to be in the mode 002 upon 

entry of the ^^J^^^'^^ , 3^3,,, Implementation where 

roo821 FIG. 9 shows another exaiapi« wj. j ^ _ • 

[OOb-ij .4^v,4. ^„ sinale input mode and 

3. .he optical pro.e head - — -f^:; Tinpnt Ui.er SIO is 

::rirtrin::tr:iL control tn, --v-- - — 

™«,Hiiiai-rir 520 and a varxable dxf xerentxax 
««iarization mode. A phase modulator Sisu anu 

polarxzatxon m , ^ ^„ ^-he outout PM fiver 273 to control 

arouD delay device 530 are coupled to the output 
. rioduiate the relative phase delay of the two modes before optxcal 
40 and modulate the rexa p provided to mix the two modes and 

detection. An output polarxzer 540 xs provx 



~24~ 



10 



15 



20 



PCTAJS2004/0 1 7649 

WO 2005/001522 

the detector 550 is used to detect the output from the output polarizer 

r 00831 FIGS. lOA and lOB show two examples of the possible designs for 
the probe head 820 including a partially reflective surface 1010, a ens 
the probe head rotating the polarization 

system 1020, and a quarter-wave plate lO^o . „„h facet of 

^ , ,„ PT-r lOA. the termination or end facet or 
anri to convert the mode. In FIG. i-UA, tue 

potarization-maintaining fiber 3.2 is used as the partial reflector 
1010. An uncoated termination of an optical fiber -^^-^^ 
approximately 4% of the light energy. Coatings can be used -jl-r t^e 
reflectivity of the termination to a desirable value. ^^^,17 

H.livers the remaining radiation to sample 205. The 
1020 reshapes and delivers tne rem y r-adiation 
«ther role played by the lens system 1020 is to collect the radiatxon 
other role playe y polarization-maintaining 
reflected from the sample 205 bacK inro t v ^ optical 

1,+-^ in'^n is oriented so that its optical 
fiber 372. The quarter wave plate 1030 is orien 

axis make a 45-degree angle with the polarization direction of the 
transrnitted light. Reflected light from the sample 205 propagates 
r Tthe auLter wave plate 1030 once again to become polarized m a 
rtLrperp::::ul. t: mode OO. i.e. mode 002. -er-ive- 

carter wave plate 1030 may be .20 an^ the 

design in FIG. lOB changes the positions of the lens y 
ouarter wave plate or Faraday rotator 1030. 

quarter wa y ^^^^ one 

rooaAl In the exait«)les in FIGS. 8A, bb, a"" , . 

[00841 in f ^. director 810 or the polarization- 

polarization mode entering the light director ^ ^ Haht 

^ . 0-71 or- •^Tl Therefore/ tne J-igm: 

n-4.<.^vo 1190 and 1130 as shown in FIG. ii- J-"** 
two polarization beam splitters 1120 and ii^w 

. . T«4.«,- inn is used to convey only one 
Bolarizat ion-maintaining circulator 1110 is usea j 
polariza ^ ^^^^^^ ^^^^ ^^^^^^ ^^^^3 33 ^.^ 

polarization mode among its three poi , . . «r^iltter 1120 

^- -r, TTTrs 3 5A and 5B. The polarizing beam splitter ii^u 

° z :::: "r:; 

both polarization .»des entexin, Port 2 are conveyed to Port 3 and 

remain independent. ^4 4r4r«„nfial 

C„„,5, A number of hardware ohoice, are available for 
„ Lla, modulator 250. .IG. 12 illustrates the general d.s.gn of the 

. ,,to, 250 where an external control signal is applied to control a 
Tirrli 1 dZ el-ent to change and modulate the relative delay in 
rorp^: .J.^ .echa„io.l or non^ohanical ele.ents ^y he used to 
produce the desired relative delay betwen the two ..odes and the 
40 modulation on the delay. 
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tooss, X„ one i^le.e„tatio«, . ..on-n.cha„ical design include on, 
or more se,e.t, of tunable bire£rin,ent 

crystal ..aterials or electrc-optic Mre£ri„,ent .^terials such as 
lithium niobat. crystal, in conjunction with one <« 
birefrlngent Mteri.ls such as quartr and rutile. The £«ed 
birelrinaen , , delay between two modes and the 

birefrlngent material prcides a fined delay 

» T v^^^TT-i rtf»«4 the tuning and moauxarion 
tunable birafringent material ptoTidea the tun g 

functions in the relative delay between the two modes. FIS. 12A 
i"ates an example of this non-mechanical design where the two modes 
are lot physically separated and are directed through the same optical 
path Tith birefrlngent segments which alter the relative delay between 

two Dolarization modes. . 
two poj-d ^..c^r^^^n^ desian where the two modes xn the 

rnofi71 FIG. 12B shows a different design wnex.« 

ei ed igbt are separated by a mod. splitter into two different 
::^ical paths . . variable delay element is inserted in one opt-^-" 
.c adjust and modulate the relative ^"J-^^^ -"s 

control signal . A mode combiner is then used to co 

:o:ether in the output. The mode splitter ahd the mod. ---^^ - 
polariration beams splitters when two orthogonal lin.ar polarizations 
are used as the two modes. 

[OOaei The variable delay element in one of the "° °P ^ 
be i.pl«..nted in various configurations. For example, the variable 
lirlrement may b. a mechanical element. A mechanical implementation 
TL device in rxc. X.B may b. constructed by first -P--- 
, radiation by polarization mode, with a polarizing beam split^r, one 
polarization mod. propagating through a fixed optical path '^'^^ 
!th.r propagating through a variabl, optical path having a Pi"-1-"" 
TtretcLr Of polarization maintaining f ib.rs. or a pair of -^^»-'°" 
oth facing a ..chanically movable retroref lector in such a ™^ 
0 light from one collimator is collected by the other ^'^'^ ^'^J' 
and from the retroref lector, or a pair collimator, ^l^''"'^'^^' 
through double passing a rotatable optical plate and bouncing off 

reflector. , > 

10089] FIGS. 13A and 13B illustrate two examples of a mechanical 

wi_ wrn 12B. Such a mechanical 

variable delay element suitable for FIG. l^B. , ^ 

ZZ. delay device may be uaed to change the optical path length of a 
light beam at high speeds and may have various applications other th«> 
What is illustrated in FIG. 12B. In addition, the optical systems in 
this application may use such a delay device. 
,0 [0090, The mechanical delay device shown in FIG. 13A includes an 

Til beam splitter 1310, a rotating optical plate 13.0 which may be a 
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transparent plate, and a ^rror or reflector 1330. "^^^'^^^^^ 
1310 is used as the input port and the output port for the <^--- 
rotating optical plate 1320 is placed between the mirror 1330 and the 
IZ splitter 1310. The input light beam l300 is received by the be^ 
splitter 1310 along the optical path directing fro. the ^^-^^^^^^^^ 
1310 to the mirror 1330 through the rotating optical Pl-^^^^^^' A ■ 
portion of the light 1300 transmitting through the beam splxtter 1310 
the beam 1301 which impinges on and transmits through the rotating 
optical plate 1320 . The mirror or other optical reflector 1330 xs 
opticaj. p the light beam incident to the optical 

oriented to be perpendicular to the J-igni: o 

• ThP reflected light beam 1302 from 

plate 1310 from the opposite side. The reflectea g 

the mirror 1320 traces the same optical path back traveling until it 
rcoulers the Beam Splitter 1310. The Beam Splitter 1310 --cts par 
of the baclc traveling light 1302 to a different direction as the output 

beam 1303. i ^r.rT4-K -I ci 

C0091] in this device, the variation of the optical path ^^^^^ " 
laused by the rotation of the Optical Plate 1320. The Optical Plate 1320 
Ty L mL Of a good guality optical material. The two optic- surfaces 
J, ^e flat and well polished to minimize distortion to the light beam. 
Xn addition, the two surfaces should be parallel to ^^^^ ^.TTs^^ 

the light propagation directions on both sides of the Optical Plate 1320 
are parallel. The thiOcness of the Optical Plate 1320 may be chosen 
recording to the desirable delay variation and the range of the rotation 
angle. The optical path length experienced by the light beam is 
5 ermined by the rotation angle of the Optical Plate 1320. When the 

surfaces of the Optical Plate 1320 is perpendicular to the -^^^J^ 
(incident angle is zero), the path length is at its minimum. The path 
length increases as the incident angle increases. 

100923 in FIG. 13A, it may be beneficial to collimate the input light 
,0 beam so that it can travel the entire optical path without significant 
divergence. The Optical Plate 1320 may be mounted on a motor for 
periodic variation of the optical delay. A good guality mirror with a 
flat reflecting surface should be used to implement the mirror 1330. The 
reflecting surface of the mirror 1330 may be maintained to be 

35 perpendicular to the light beam. ,,nn in 

JO f^^f . -, . wi. 4 = „=ori a<5 the input beam 1300 in 

[00931 If • linearly polarized light is used as the inp 

FIG 13A, It is beneficial to ha,e the polarization direction of the 
light parallel to the incident plane (in the plane of the paper, as less 
reflection occurs at the surfaces of Optical Plate 1320 
40 polariration ccpared to other polarization directions. «ntiref lection 
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codings can be used to further reduce the light reflection on the 

surfecee of the ^„ ,3^ its optical 

r00941 The beam splitter 1310 used in txg. J. 

. H o^^ical reflection to direct light. This aspect of the 

transmission and optical reflection device 

tea» splitter 1310 cause, reflection loss in the output of ^^'J'J'^ 

due to the reflection loss „hen the input light 1300 'i"' 

device through trans-assion of the be«> splitter 1310 and the 

: anlssion^loss «he„ the light e,its the device through reflectro„ of 

the hea. splitter 1310. .or e.»«.le. a «xi„». of 25% of the totei 

Lnt light may be left in the output light if the beam splrtter rs a 

bersriltter. To avoid such optical loss, an optical circulator 
Z I Z- L Place Of the beam splitter 1320. .X=. 13B 

^-v,^ o«i-ical circulator 1340 with 3 ports is used to direct 
example where the optical circuiai^o directs 
input light to the optical plate 1320 and the mirror 1330 directs 
input ligni: optical circulator 1340 may be 

returned light to the output port. The optica 

•1 »m Hohi- entering its port 1 to port ^ ana 
rfpsianed to direct nearly all light entering f , ^. t 

designed to ^^^^ nominal optical 

nearly all light entering its port 2 to tne p 

loss and hence significantly reduces the optical loss in ^^^J^--- 
commercially available optical circulators, either free-space or fiber 
based, may be used to implement the circulator 1340. ' 
10095] FIG. 14A shows an exemplary implementation of ^^"^r 
n FIG. 12B as part of or the entire differential delay -^^^^^^ 
A first optical mode splitter 1410 is used to ^^^^^^J^^ 

-^-73 into two paths having two mirrors 1431 and 1432, 
ttvelv A second optical mode splitter 1440, which is operated as 
respectively, a second . 4-^ nn-hnut If 

a mode con^iner, is used to confine the two modes into an output 

the two modes are two orthogonal linear --^^"^^7: ;;^^;,n;;;,,, 
oolarization beam splitters may be used to implement the 1410 and 1440 
polarization b P ^^^^ ^^^^^^ ^^^^ p^^h 

A variable optical delay line or ae output may 

0 to control the differential delay between the two paths. J^^^^^ 
.e coupled into another dual-mode waveguide 1450 leading to the 
detection module or directly sent into the detection ^^^^^ J^;;;/ 
shows a delay device based on the design in FIG. 14A ^^^^ 
1432 and the variable optical delay line 1420 are impl^ented by the 

^ • ^„ FTG 13A The mechanical delay device in 
,5 mechanical delay device in FIG. 13A. '^''^ 

PIG. 13B may also be used to implement the device in FIG. 14A 

,00961 in the above examples, a single dual-mode "^^^J^ ^^J'' 

I used as an input and output waveguide for the probe head 220 320 or 

.0 Tdls, s d rected into the probe head through that dual-mode waveguide 
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272 or 372, and the output light in the two independent modes is also 
directed from the probe head to the detection subsystem or detector. 
[0097] Alternatively, the single dual-mode waveguide 272 or 372 may be 
replaced by two separate waveguides, one to direct input light from the 
light source to the probe head and another to direct light from the 
probe head to the detection subsystem or detector. As an example, the 
device in FIG. 2 may have a second waveguide different from the 
waveguide 272 to direct reflected light in two different modes from the 
optical probe head 220 to the modulator 250 and the detection subsystem 
260. In this design, the light director 210 may be eliminated. This 
may be an advantage. In implementation, the optics within the probe 
head may be designed to direct the reflected light in two modes to the 
second waveguide. 

[0098] FIG. 15 illustrates an example for this design as an 
alternative to the device shown in FIG. SB. In this design, the probing 
light is delivered to the sample 205 through one dual-mode waveguide 
1510 and the reflected/scattered light is collected by the probe head 
320 and is directed through another dual-mode waveguide 1520. With the 
probe head shown in FIG. 4, the mirror 424 may be oriented and aligned 
so that the light is reflected into the waveguide 1520 instead of the 
waveguide 1510. This design may be applied to other devices based on the 
disclosure of this application, including the exemplary devices in FIGS. 
2, 3^ 8A, 8B and 9. 

[0099] The above-described devices and techniques may be used to 
obtain optical measurements of a given location of the sample at 
different depths by controlling the relative phase delay between two 
modes at different values and optical measurements of different 
locations of the sample to get a tomographic map of the sample at a 
given depth or various depths by laterally changing the relative 
position of the probe head over the sample. Such devices and techniques 
may be further used to perform other measurements on a sample, including 
spectral selective measurements on a layer of a sample. 
[00100] In various applications, it may be beneficial to obtain 
information about certain substances, identifiable through their 
spectral absorbance, dispersed in the samples. For this purpose, a 
tunable bandpass filter may be used to either filter the light incident 
to the probe head to select a desired spectral window within the 
broadband spectrum of the incident light to measure the response of the 
sample and to vary the center wavelength of the spectral window to 
measure a spectral distribution of the responses of the sample- This 
tuning of the bandpass filter allows a variable portion of the source 
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spectrum to pass while measuring the distribution of the complex 
reflection coefficient of the sample. 

[00101] Alternatively, the broadband light may be sent to the optical 
probe head without optical filtering and the spectral components at 
different wavelengths in the output light from the probe head may be 
selected and measured to measure the response of the sample around a 
selected wavelength or the spectral distribution of the responses of the 
sample* In one iiaplementation, a tunable optical bandpass filter may be 
inserted in the optical path of the output light from the probe head to 
filter the light. In another implementation, a grating or other 
dif fractive optical element may be used to optically separate different 
spectral components in the output light to be measured by the detection 
subsystem or the detector. 

[00102] As an example, FIG. 16 shows a system based on the design in 
FIG. 2 where a tunable filter 1610 is inserted in the input waveguide 
271 to filter the input light in two different modes. FIG. 17 shows 
another exemplary system based on the design in FIG. 8A where a tunable 
filter 1710 is inserted in the input waveguide 871 to filter the input 
light in a single mode. Such a tunable filter may be placed in other 
locations . 

[00103] FIG. 18 illustrates the operation of the tunable bandpass 
filter in the devices in FIGS. 16 and 17. The filter selects a narrow 
spectral band within the spectrum of the light source to measure the 
spectral feature of the sample. 

[00104] Notably, the devices and techniques of this application may be 
used to select a layer within a sample to measure by properly processing 
the measured data. Referring back to the devices in FIGS. 16 and 17, 
let us assxme that the absorption characteristics of a layer bounded by 
interfaces I and II is to be measured. For the simplicity of 
description, it is assiimed that the spectral absorption of the substance 
in the layer is characterized by a wavelength-dependent attenuation 

coefficient jUh(A) and that of other volume is characterized by ^g(X) , It 
is further assumed that the substance in the vicinity of interface J 
(JX) possesses an effective and wavelength independent reflection 
coefficient rj (rjj) . If the characteristic absorption of interest is 
covered by the spectrum of the light source, an optical filter 1610 or 
1710 with a bass band tunable across the characteristic absorption of 
the sample 205 may be used to measure the spectral responses of the 
sample 205 centered at different wavelengths. 

[00105] In operation, the following steps may be performed. First, the 
differential delay modulator 250 is adjusted so that the path length 
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traveled by one mode (e.g., the mode 001) matches that of radiation 
reflected from interface I in the other mode (e.g., the mode 002). At 
this point, the pass band of filter 1610 or 1710 may be scanned while 
recording the oscillation of the measured signal due to a periodic 
differential phase generated by the modulator 250. The oscillation 
amplitude as a function of wavelength is given by 

MA,)=r,e-'''''''" (15) 

where Zi is the distance of interface I measured from the top surface of 
the sample 205. Next, the differential delay modulator 250 is adjusted 
again to change the differential delay so that the path length traveled 
by the mode 001 matches that of radiation reflected from interface II in 
the mode 002, The measurement for the interface II is obtained as 
follows : 

.4,,(A)=r^e-'^«<^^"-'^»^^''" , (16) 

where Zjj is the distance of interface II measured from interface I. To 
acquire the absorption characteristics of the layer bounded by the 
interfaces I and II, Eq. (7) and Eq. (6) can be used to obtain the 
following ratio: 

MX) r, 

Notably, this equation provides the information on the absorption 
characteristics of the layer of interest only and this allows 
measurement on the layer. This method thus provides a ^^coherence 
gating" mechanism to optically acquire the absorbance spectrum of a 
particular and designated layer beneath a sample surface. 
[00106] It should be noted that the pass band of the optical filter 
1610 or 1710 may be designed to be sufficiently narrow to resolve the 
absorption characteristics of interest and at the meantime broad enough 
to differentiate the layer of interest. The following example for 
monitoring the glucose level by optically probing a patient's skin shows 
that this arrangement is reasonable and practical. 
[00107] Various dependable glucose monitors rely on taking blood 
samples from diabetes patients. Repeated pricking of skin can cause 
considerable discomfort to patients. It is therefore desirable to 
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monitor the glucose level in a noninvasive manner. It is well known 
that glucose in blood possesses ^^signature" optical absorption peaks in 
a near-infrared (NIR) wavelength range. It is also appreciated the main 
obstacle in noninvasive monitoring of glucose is due to the fact that a 
probing light beam interacts, in its path, with various types of tissues 
and substances which possess overlapping absorption bands. Extracting 
the signature glucose peaks amongst all other peaks has proven 
difficult . 

[00108] The above coherence gating" may be used overcome the 
difficulty in other' methods for monitoring glucose. For glucose 
monitoring, the designated layer may be the dermis layer where glucose 
is concentrated in a network of blood vessels and interstitial fluid. 
[00109] FIG. 19A illustrates an example of a human skin tissue where 
the coherence gating technique described here can be used to measure the 
glucose concentration in the dermis layer between the epidermis and the 
subcutaneous layers. The dermis layer may be optically selected and 
measured with the coherence gating technique. It is known that the 
superficial epidermis layer, owing to its pigment content, is the 
dominant source of NIR absorption. Because of the absence of blood, 
however, the epideannis yields no useful information for glucose 
monitoring. The coherent gating technique can be applied to acquire 
solely the absorbance spectrum of the dermis layer by rejecting the 
absorptions of the epidermis and the subcutaneous tissues. An additional 
advantage of this technique is from the fact that dermis exhibits less 
temperature variation compared to the epidermis. It is known that 
surface temperature variation causes shifts of water absorption, 
hampering glucose monitoring. 

[00110] FIG. 19B shows some predominant glucose absorption peaks in 
blood in a wavelength range between 1 and 2.5 microns. The width of 
these peaks are approximately 150 nm. To resolve the peaks, the 
bandwidth of the tunable bandpass filter may be chosen to be around 30 
nm. The depth resolution is determined by the following equation: 



^^=60^ ,18, 
TV AA 

Therefore, the coherence gating implemented with the devices in FIGS. 16 
and 17 or other optical sensing devices may be used to determine the 
absorption characteristics of the glucose in tissue layers no less than 
60 \m thick. As illustrated in FIG. 19A, hioman skin consists of a 
superficial epidermis layer that is typically 0.1 mm thick. Underneath 
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epidermis is the dermis, approximately 1 mm thick, where glucose 
concentrates in blood and interstitial fluids. The above analysis 
indicates that it is possible to use the apparatus shown in FIGS. 16 and 
17 to isolate the absorption characteristics of the dermis from that of 
5 the epidermis and other layers.* 

[00111] It is clear from Eq. (18) that the product of spectral 
resolution and layer resolution is a constant for a given center 

wavelength Xq. The choice of the filter bandwidth should be made based on 
the tradeoff between these two resolutions against the specific 
10 requirements of the measurement. 

[00112] The tunable bandpass filter 1610 or 1710 may be operated to 
acquire the absorption characteristics of an isolated volume inside a 
sample . 

[00113] FIG. 20 illustrates one exemplary implementation of the 

15 detection subsystem 260 in FIG. 3 where two diffraction gratings 2010 
and 2020 are used to separate different spectral components in the 
output light beams from the polarizing beam splitter 361. A lens 2012 
is positioned to collect the diffracted components from the grating 2010 
and focus different spectral components to different locations on its 

20 focal plane. A detector array 2014 with multiple photodetector elements 
is placed at the focal plane of the lens 2012 so that different spectral 
components are received by different photodetector elements. A second 
lens 2022 and a detector array 2024 are used in the optical path of the 
diffracted components in a similar way. In devices shown in FIGS. 5A, 

25 5B/ 8A, and SB where a single optical detector is used for measurements, 
a single grating, a lens, and a detector array may be used. 
[00114] In operation, each detector element receives light in a small 
wavelength interval. The photocurrents from all elements in an array 
can be summed to form a signal which is equivalent to the signal 

30 received in each single detector without the grating shown in FIG. 3. By 
selectively measuring the photocurrent from an individual element or a 
group of elements in an array, the spectral information of the sample 
can be obtained. 

[00115] In the above described examples, the optical probe head sends 
35 out light in two different propagation modes where light in one of the 

two modes carries the information from the sample. Alternatively, light 
in a single propagation mode may be used as the input light to the 
optical probe head and as output light from the optical probe head. 
Hence, devices based on this design not only use a coimaon optical path 
40 to direct light to and from the probe head and sample but also control 

the light in a single mode. In comparison with above examples where two 
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different modes are used for light coming out of the probe heads, this 
single-mode design further eliminates or reduces any differences between 
different modes that propagate in the same optical path. 
[00116] FIG. 21 shows one exemplary syst^ for acquiring information of optical 
inhomogeneity and other properties in substances with only one propagation mode 
inside waveguides. A broadband or low-coherence light from Broadband Light 
Source 201 is directed to a probe head 2110 by means of polarization- 
maintaining waveguides 271 and 272. A partial reflector inside the 
probe head 2110 reverses the direction of a small portion of the input 
light to create a radiation wave 1 while transmitting the remainder of 
the input light to the sample 205. Backscattered or reflected light 
from the sample 205 becomes a second radiation wave 2 and is collected 
by the probe head 2110. The probe head 2110 combines and couples both 
the radiation waves 1 and 2 back into the waveguide 272. The radiation 
waves 1 and 2 travel in the waveguide 272 towards Light the light 
director 210 which directs radiation waves 1 and 2 through the waveguide 
273 towards the detection module 2101. Notably, the radiation waves 1 
and 2 output from the probe head 2110 are in the same mode as the input 
light to the probe head 2110. the probe head 2110 does not change the 
mode of light when directing the radiation waves 1 and 2 to the 
waveguide 272. 

[00117] The detection module 2101 includes a beam Splitter 2120, two 
optical paths 2121 and 2122, an optical variable delay element 2123 in 
the path 2122, a beam combiner 2130, and two optical detectors 2141 and 
2142. The beam splitter 2120 splits the light in the waveguide 273, 
which includes the radiation waves 1 and 2 in the same mode, into two 
parts that respectively propagate in the two optical paths 2121 and 
2122. Notably, each of the two parts includes light from both the 
radiation waves 1 and 2. The variable delay element or delay line 2123 
in the optical path 2122 is controlled by a control signal to adjust the 
relative optical delay between the two optical paths 2121 and 2122 and 
may be implemented by, e.g., the exemplary delay elements described in 
this application and other delay designs. The beam combiner 2130 
combines the signals of the two optical paths to overlap with each other 
and to output two optical signals for optical detectors 2141 and 2142, 
respectively. The beam combiner may be a polarization beam splitter 
which splits the combined light into two parts, orthogonal in 
polarization to one another. 

[00118] The probe head 2110 may include a partial reflector to produce 
the radiation wave 1 which does not reach the sample 205. Assuming the 
single propagation mode for the light to the probe head 2110 and the 
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light out of the probe head 21110 is a polarization mode, the light 
reflected from the partial reflector in the probe head 2110, i.e., the 
radiation wave 1^ has the same polarization as the light collected from 
the sample, the radiation wave 2. Therefore, both Radiation 1 and 2 
5 travel in the same propagation mode in the waveguides, 272 and 273. 
Because the radiation waves 1 and 2 are reflected from different 
locations, they experience different optical path lengths when reaching 
the beam splitter 2120. The effect of variable delay element 2123 is to 
add an adjustable amount of the delay in the light in the path 2122 

10 relative to the light in the path 2121, 

[00119] In operation, the variable delay element 2123 can be adjusted 
so that the partial radiation 1 reaching the polarization beam splitter 
2130 through the path 2122 can be made to experience a similar optical 
path length as the partial radiation 2 reaching the beam splitter 2130 

15 via the other path 2121. The superposition of the two besoas at the 

photo detectors 2141 and 2142 causes a measurable intensity variation as 
their relative path length is being varied by the variable delay element 
2123. This variation can be utilized to retrieve information on the 
inhomogeneity and other properties of the sample 205. 

20 [00120] FIG. 22 shows an exemplary implementation of the system in FIG. 
21 using polarization maintaining optical fibers. A polarization 
controller 202 may be placed at the output of the light source 201 to 
control the polarization of the input light in one polarization mode. 
The optical head 2110 is shown to include a lens system 2111 and a 

25 partial reflector 2112. Two mirrors 1 and 2 are used to construct the 

two optical paths between the beam splitters 2120 and 2130. The optical 
radiation reflected from the partial reflector 2122 and from the sample 
205 travel in the polarization-maintaining (PM) fiber 272 in the same 
mode. The main portions of the radiation waves 1 and 2 are deflected to 

30 the mirror 1 while the remaining portions are directed to the mirror 2 
by the beam splitter 2120. 

[00121] The incident plane of the polarizing beam splitter 2130 can be 
made to have a finite angle with respect to the polarization directions 
of light from both the Mirror 2 in one optical path and the variable 

35 delay element 2123 from the other optical path. In this configuration, 
light energies received by both detectors 2141 and 2142 are the 
superposition of the two radiations, i.e.. Radiation 1 and Radiation 2. 
It should be appreciated that the linkage between the beam splitters 
2120 and 2130 can be made by means of optical fibers or other optical 

40 waveguides to eliminate the free space paths and the two mirrors 1 and 
2. 

'^•35^ 
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[00122] In the examples shown in FIGS. ,21 and 22, the spacing between 
the optical head 2110 and the sample 205 may be greatier than the sample 
depth of interest so that, upon reaching the beam splitter 2130, the 
partial radiation 1 experiences optical path length similar only to that 
of partial radiation 2, In other words, split parts of the same 
radiation do not experience similar optical path length during the 
operation of the systems in FIGS. 21 and 22. 

[00123] FIG. 23 shows one exemplary optical arrangement for the probe 
head 2110. The partial reflector 2310 can be realized with a partially 
reflective fiber teinmination, i.e., the end facet of the fiber 272. An 
uncoated fiber tip has a reflectivity of approximately 4% and thus may 
be used as this partial reflector. Optical coating on the* end facet may 
be used to change the reflectivity to a desirable value. 

[00124] The reflectance of the fiber teonnination 2310 may be chosen 
based on several factors. In one respect, the radiation wave 1 should 
be strong enough so that its superposition with the radiation wave 2 
creates an adequate intensity variation at the two detectors 2141 and 
2142. On the other hand, the radiation wave 1 may not be too strong as 
it may overwhelm the photodetectors 2141 and 2142, prohibiting the use 
of high gain in the detection systems. For optimized operation of the 
system, one may want to choose the reflectance of the fiber termination 
to be comparable to the total light collected by the fiber from the 
sample . 

[00125] In FIGS. 21 and 22, a common waveguide 272 is used for both 
sending input light into the probe head 2110 and directing output light 
output the probe head 2110. Alternatively, similar to the design in 
FIG. 15, the waveguide 272 may be replaced by an input waveguide for 
sending input light into the probe head 2110 and an output waveguide 
directing output light output the probe head 2110 to the beam splitter 
2120 of the detection module 2101. In this design, the light director 
210 can be eliminated and the optical probe head 2110 may be designed to 
direct output light with both the radiation waves 1 and 2 into the 
output waveguide . 

[00126] Similar to tuning the frequency of light in other examples as 
described, in implementing the devices in FIGS. 21 and 22, a tunable 
optical bandpass filter may be used to tune the frequency band of the 
light to -selectively measure the property of the sample 205 at the 
frequency band of the filter. In addition, the use of gratings in the 
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detection module to measure different spectral components of the sample 
as shovm in FIG. 20 may be used in the module 2101 as well. 

[00127] Only a few implementations are disclosed in this application. 
However, it is understood that variations and enhancements may be made. 

5 
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